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[57] ABSTRACT 


A uniquely configured radiation fringe velocimeter is 
used to measure all three components of velocity re- 
motely from a single point. The device is particularly 
intended for utilization aboard an aircraft, in which case 
the velocity being measured may be that of aerosol 
particles or other scattering centers in the free airstream 
at a location spaced apart from the surface of the air- 
craft and thus for the most part, free from any associ- 
ated turbulence effects, etc. The device utilizes known 
optical techniques for splitting and modulating coherent 
light into three beam pairs focused onto a common 
detection volume such that three sets of three-dimen- 
sional fringe plane patterns are formed at the detection 
volume, each of the three sets being aligned along a 
different fringe plane normal vector and moving in the 
direction of the corresponding fringe plane normal vec- 
tor at a different predetermined apparent velocity and- 
/or fringe spacing whereby each of the three different 
sets of fringe patterns will modulate the intensity of the 
radiation scattered by an aerosol particle at a fixed loca- 
tion within the detection volume with a characteristic 
modulation frequency. The beams are oriented with 
respect to one another at the detection volume such that 
no two of the three normal vectors associated with the 
three sets of fringe planes are mutually orthogonal and 
that all three do not all lie on the same plane. 


19 Claims, 10 Drawing Figures 
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COMPACT RADIATION FRINGE VELOCIMETER 
FOR MEASURING IN THREE DIMENSIONS 


TECHNICAL FIELD 


The invention relates generally to the field of air data 
measurement systems and more particularly to a mea- 
surement device which utilizes radiation to create three- 
dimensional patterns of fringes at a sample location 
physically removed from the device for the purpose of 
measuring the velocity of aerosol particles at that loca- 
tion as a function of radiation scattered back to the 
device. 


CROSS-REFERENCE TO RELATED 
APPLICATIONS 


Commonly assigned co-pending U.S. patent applica- 
tion, Ser. No. 328,476, filed Dec. 8, 1981, entitled “Fluo- 
rescent Air Data Measurement Device” discloses a 
unique apparatus and method for measuring air density 
related parameters associated with the operations of an 
aircraft. The teachings of that application and the pres- 
ent application may be combined so as to result in an 
aircraft flight parameter measurement system that ad- 
vantageously exploits the features and benefits of both 
inventions. Accordingly, the disclosure and the teach- 
ings of said co-pending application are hereby incorpo- 
rated by reference the same as if fully set out hereat. 


BACKGROUND ART 


It has long been conventional to measure the relative 
air speed between a moving object, such as an aircraft, 
and the free airstream through which the aircraft is 
flying by means of a mechanical instrument which in 
effect compares the kinetic pressure exerted by the 
moving airstream onto a first defined area facing said 
airstream with respect to the static pressure exerted on 
a second defined area generally perpendicular to said 
first defined area. Typically, such a prior art system 
employs Pitot tubes, pneumatic tubing and pressure 
transducers which are exposed to the external environ- 
ment and subject to not only degraded performance 
caused by calibration changes, but also catastrophic 
failures as a result of accidental breakage. Furthermore, 
such a prior art type of airspeed measurement device 
physically protrudes into the airflow, with a resultant 
drag penalty. 

An example of another type of basically mechanical 
airspeed measurement device may be mentioned, 
namely, the cup anemometer wherein a plurality of cups 
are mounted at the periphery of a rotating carrier such 
that successive cups catch the wind as the carrier ro- 
tates. The carrier is connected by means of a transmis- 
sion to an electric generator or other suitable tachome- 
ter device. The faster the wind's velocity, the greater 
the force exerted upon the individual cups and the faster 
the carrier rotates. 

The atmosphere contains many naturally occurring 
aerosols having a diameter on the order of from 0.1 to 
10 micrometers. Examples of such aerosols are pollen 
and dust that naturally occur in the atmosphere. These 
aerosols tend to follow the motion of the atmosphere in 
which they are entrained and hence by observing the 
motion of such particles, it is possible to measure the 
velocity of the surrounding airstream. 

Accordingly, optical techniques have also been uti- 
lized to measure wind. One such technique employed 
scattered sunlight as a source and cross-correlated the 


20 


25 


30 


35 


40 


45 


50 


55 


60 


65 


2 


outputs of two radiometers having intersecting fields of 
view. Against localized flumes, such as the flume from 
a smokestack, it produced satisfactory results. A more 
sophisticated type of optical device measured the Dop- 
pler shift in light scattered by particles within the mov- 
ing fluid to measure velocity along the system's optical 
axis. 

There has also been used a so-called fringe laser velo- 
cimeter which measured a velocity component trans- 
verse to the instruments's line of sight by detecting the 
movement of aerosol particles through a layered pat- 
tern of interference fringes created by two intersecting 
beams of coherent laser light. Such a device has proven 
particularly accurate at relatively close ranges. 

Another optical technique relied upon variations in 
refractive index moving with the wind across the line of 
sight of the instrument requiring a so-called double- 
ended system having a separate source and receiver. 

If it is required to measure relative wind speeds in 
three dimensions, it would theoretically be sufficient to 
provide three separate systems with mutually orthogo- 
nal axes aimed at a common region of space. In practice, 
such an arrangement is extremely difficult to maintain in 
alignement and expensive to implement. 

It has also been proposed to utilize simultaneously 
two dominant colors from a single laser to form two 
mutually orthogonal sets of fringe planes in a common 
detection volume but, nevertheless, readily distinguish- 
able from each other so that it would be possible to 
measure two orthogonal velocity components in the 
plane transverse to the velocimeter’s optical axis. Alter- 
natively, polarization or modulation by means of acous- 
tic-optic modulators may be utilized to distinguish the 
signals corresponding to the two components. It has 
also been proposed to combine two different types of 
velocimeters in the same system, so that two orthogonal 
velocity components may be measured simultaneously, 
one parallel to the system’s main axis (by the Doppler 
method), and one, at right angles thereto (using the 
fringe method); by also using the above-mentioned two 
component techniques it would thus also theoretically 
be possible to measure simultaneously three orthogonal 
velocity components (one by the Doppler technique, 
two with the fringe method). 

As examples of prior art devices employing some of 
the measurement techniques briefly described above, 
mention may be made of U.S. Pat. No. 3,744,910 enti- 
tled “Apparatus for Optical Investigations and Mea- 
surements with the Aid of Several Coherent Light 
Beams”; U.S. Pat. No. 3,915,572 entitled “Combined 
Dual Scatter, Local Oscillator Laser Doppler Velocim- 
eter”; U.S. Pat. No. 3,966,324 entitled “Laser Doppler 
Anemometer”; U.S. Pat. No. 3,984,685 entitled “Wind 
Measurement System”; U.S. Pat. No. 4,148,585 entitled 
“Three-Dimensional Laser Doppler Velocimeter”; U.S. 
Pat. No. 4,167,329 entitled “Focussed Doppler Radar”; 
U.S. Pat. No. 4,168,906 entitled “Differential Doppler 
Velocity Sensor”; and U.S. Pat. No. 4,179,218 entitled 
“Particle Size Analyzer.” 

Other types of velocimeters are described in an arti- 
cle entitled “Laser Doppler Velocimeter Detection 
Systems for Gas Velocity Measurements” by R. M. 
Huffaker, appearing in Applied Optics for May 1970; in 
a paper entitled “A Laser Velocimeter System” by C. 
A. Greated et al., presented at the Electro-Optics "71 
International Conference held in Brighton, England in 
March 1971 and published by Industrial and Scientific 
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Conference Management Inc. of Chicago, Ill.; in a pub- 
lication entitled “Laser Instrumentation for Field Flow 
Diagnostics" by J. D. Trolinger, published by the 
North Atlantic Treaty Organization Advisory Group 
for Aerospace Research and Development as Agardo- 
graph No. 186, dated March 1974; in an article entitled 
“Three-Component Optical Doppler Anemometer" by 
V. M. Kulybin appearing at pages 1425 et seq. of the 
Soviet Physics Journal for October 1975; in an anony- 
mous Disclosure No. 14125 entitled “Holographic Ve- 
locimeter" contained in Research Disclosure for Janu- 
ary 1976 published by Industrial Opportunities, Ltd. of 
Homewell, England; in an article entitled “A Laser 
Doppler Velocimeter which Measures the Three Com- 
ponents of Velocity" by R. N. Dubnistchev et al. ap- 
pearing at page 129 et seq. of Optics and Laser Technol- 
ogy for June 1976; in an article entitled “Laser Velocim- 
eter for Wind Tunnel Measurements" by A. Boutier et 
al., appearing at pages 441 et seq. of IEEE Transactions 
on Aerospace and Electronics Systems for May 1978; in 
United Kingdom Patent Specification No. 1,524,830 
entitled "Improvements Relating to Flow Measurement 
Apparatus" and dated Septemeber 1978; in an article 
entitled “New 3-D Laser Doppler Velocimeter Using 
Cross-Bispectral Analysis," by Takuso Sato et al. ap- 
pearing at page 3890 et seq. of Applied Optics for 15 
December 1978; and in an article entitled “Atmospheric 
Laser Doppler Velocimetry: An Overview" by J. W. 
Bilbro, appearing at page 4 et seq. of Optical Engineer- 
ing for July/August 1980. 

However, taken as a whole, the known prior art does 
not teach or suggest how the above-mentioned optical 
and other related techniques may be utilized to provide 
a compact radiation fringe velocimeter for measuring in 
three dimensions. To the contrary, the known prior art 
suggest that at least one velocity component—that par- 
allel to the velocimeter's main axis—should be mea- 
sured by the above-described Doppler method which 
requires that a coherency of the radiation be maintained 
even after it has been scattered back towards the velo- 
cimeter, where it still must be combined with unscat- 
tered light from a referenced source related in fre- 
quency and coherency to the radiation impinging upon 
the object, thus requiring a radiation source that is co- 
herent and which is capable of maintaining such coher- 
ency over relatively long distances. However, the know 
devices which satisfy such a criterion employ a CO? 
laser having a relatively long wavelength that is not 
optimal for the relatively small aerosol particles that are 
naturally found in the earth's atmosphere. 

Furthermore, such known prior art does not teach or 
suggest the considerable improvement in signal-to-noise 
ratio that results from utilizing a single transmit/receive 
lens window to focus on a single detection volume 
containing three sets of fringe planes oriented with 
respect to one another such that no two of their three 
respective normal vectors are either coplanar nor or- 
thogonal with respect to each other while at the same 
time each of the three normal vectors has a significant 
component in the direction of the system's main axis as 
well as a transverse component at right angles thereto. 
In particular, it is not seen how the average artisan 
could construct an optical velocimeter device that 
would measure the velocity of aerosol particles or other 
Scattering centers in the free airstream at a location 
spaced apart from the surface of the aircraft and thus for 
the most part free from any associated turbulence ef- 
fects, etc. and which, nevertheless, could be con- 
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structed in a relatively compact fashion utilizing, if 
desired, a single viewing window or lens. 

Accordingly, it is a general object of the present 
invention to provide a compact radiation fringe velo- 
cimeter for measuring in three dimensions that is adapt- 
able to use aboard an aircraft. It is the related object to 
provide such a device which creates three sets of radia- 
tion fringe plane patterns at varying observation points 
that is sufficiently remote from the components of the 
device that the velocimeter may be fully contained 
within the aircraft and yet the velocity of aerosol parti- 
cles or other scattering centers in the free airstream are 
essentially undisturbed by compression and other ef- 
fects resulting from the passage of the aircraft through 
the airstream. 

It is another related object to provide a velocimeter 
utilizing optical techniques such as the creation of radia- 
tion fringes at the sample location to measure aircraft 
flight parameters such as true airspeed, angle of attack, 
and side slip angle efficiently and accurately. 

The teachings and disclosures contained in the above- 
referenced U.S. patents and the information provided 
by the other above-referenced publications may con- 
tribute to a better understanding of the background of 
the present invention, as well as of its scope, function 
and possible manners of implementation and use; ac- 
cordingly, they are hereby incorporated in their en- 
tirety by reference the same as if fully set out herein. 


DISCLOSURE OF INVENTION 


A uniquely configured radiation fringe velocimeter is 
used to measure all three components of velocity re- 
motely from a single point. The device is particularly 
intended for utilization aboard an aircraft, in which case 
the velocity being measured may be that of aerosol 
particles or other scattering centers in the free airstream 
at a location spaced apart from the surface of the air- 
craft and thus for the most part, free from any associ- 
ated turbulence effects, etc. The device utilizes known 
optical techniques for splitting and modulating coherent 
light into three beam pairs focused onto a common 
detection volume such that three sets of three-dimen- 
sional fringe plane patterns are formed at the detection 
volume, each of the three sets being aligned along a 
different fringe plane normal vector and moving in the 
direction of the corresponding fringe plane normal vec- 
tor at a different predetermined apparent velocity and- 
/or fringe spacing whereby each of the three different 
sets of fringe patterns will modulate the intensity of the 
radiation scattered by an aerosol particle at a fixed loca- 
tion within the detection volume with a characteristic 
modulation frequency. Accordingly, any. relative mo- 
tion of such an aersol particle with respect to the velo- 
cimeter apparatus having a component in the direction 
of a particular one of the three fringe plane normal 
vectors will cause an apparent shift in the modulation 
frequency of the scattered light associated with that 
particular set of fringe planes from which the magni- 
tude and direction of the aerosol particle's velocity 
component may be calculated. 

The beams are oriented with respect to one another at 
the detection volume such that the three normal vectors 
associated with the three sets of fringe planes do not all 
lie on the same plane; accordingly, the three corre- 
sponding velocity components may be transformed into 
any desired system of three-dimensional coordinates. 
The three components measured may thus be readily 
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transformed into true airspeed, angle of attack and angle 
of slide slip. 

The preferred embodiment transmits all three beam 
pairs and receives the backscattered radiation through a 
single transmit/receive lens which permits the velocim- 
eter to be contained within a compact package. No 
external devices need protrude from the surface of the 
aircraft and the sample region being measured may be 
located at a suitable distance from the surface of the 
airplane. Ht is adaptable for many applications beyond 
the capability of the prior art because the three sets of 
fringe planes need not be mutually perpendicular to one 
another and because the coherency of the light need not 
be maintained once it has been scattered by the particles 
in the detection volume. 


BRIEF DESCRIPTION OF DRAWINGS 


FIG. 1 uses an exploded isometric schematic diagram 
showing the major components of a first embodiment of 
a radiation fringe velocimeter device constructed in 
accordance with the present invention and their rela- 
tionships to one another and with the location of the 
region in which the velocity measurement is being 
made; 

FIG. 2 shows an alternate embodiment generally 
similar to that of FIG. 1, but showing the various com- 
ponents to the rear of the transmit/receive lens in some- 
what more detail; 

FIG. 3 shows the rear surface of the transmit/receive 
lens of FIG. 1; 

FIG. 4 is a side elevational view of an exemplary pair 
of intersecting beams of coherent radiation and the 
interference fringe planes formed at their intersection; 

FIG. 5 is a cross-section through the central portion 
of the set of fringe planes shown in FIG. 4; 

FIG. 6 is an idealized representation of the intensity 
of the backscattered light from a particle passing 
through a set of fringe planes such as are illustrated in 
FIG. 4 and 5; 

FIG. 7 is a isometric exploded representation of a 
second alternate embodiment of a radiation fringe velo- 
cimeter device constructed in accordance with the pres- 
ent invention showing those components which signifi- 
cantly differ in construction function and/or location 
from the various components shown in FIGS. 1 and 2; 

FIG. 3 is a side cross-sectional view of the transmit/- 
receive lens shown in FIG. 7 to which some additional 
constructional details have been added and also shows 
the geometrical relationship between the various beams 
and the corresponding fringe plane normal vectors; 

FIG. 9 is a block schematic diagram of the compo- 
nents of a signal processing subsystem such as would be 
utilized to convert the velocimeter's output to corre- 
sponding data required in the operation of an aircraft; 

and FIG. 10 is a plan representation of a third alter- 
nate embodiment of a radiation fringe velocimeter de- 
vice showing the use of a concave reflecting surface. 


BEST MODES FOR CARRYING OUT THE 
INVENTION 


Referring now to FIG. 1, there is shown a first em- 
bodiment of a compact radiation fringe velocimeter 
system (11) of the present invention. The system (11) as 
shown comprises a high intensity light source (13) of 
coherent monofrequency radiation (e.g., a primary light 
beam (15) produced by a laser operated in single-line 
mode), a beam splitting device (17) for generating a first 
plurality of radiation beams, a modulating device (19) 
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for generating from said first plurality of beams a sec- 
ond plurality of beams each having a distinguishing 
characteristic, a focusing device (21) for forming sepa- 
rately identifiable three sets of non-orthogonal, but 
linearly independent, three-dimensional patterns of 
fringe planes, and a detector device (23). 

As shown in FIG. 2, the beam splitting device (17) 
comprises a beam splitting plate (25), a beam splitting 
cube (27), and two tilting mirrors (29, 30); the modulat- 
ing device (19) comprises three acousto-optic (“Bragg”) 
cells (31, 33, 35). The primary light beam (15), which in 
the case of the illustrated embodiment may be a coher- 
ent monofrequency light beam generated by the laser 
(13), is split by the plate beamsplitter (25) such that 
approximately thirty percent of the beam is transmitted 
therethrough as a first secondary beam (49), and sev- 
enty percent is reflected therefrom as an intermediate 
beam (51). Intermediate beam (51) is then split by the 
cube beamsplitter (27) such that approximately fifty 
percent of the beam (hence, thirty-five percent of pri- 
mary beam (15)) is transmitted therethrough as a second 
secondary beam (53), and fifty percent is reflected by 
beamsplitter (27) and mirror (30) as a third secondary 
beam (55). The secondary beams (49, 53, 55) are of 
substantially equal intensity and are arranged more or 
less parallel to one another and spaced at approximately 
equal angular intervals about, and at approximately 
equal radial distances from, a central axis (56). The first 
secondary beam (49) impinges on the first acousto-optic 
cell (31) at the so-called “Bragg angle" 05 for that cell 
determined in accordance with the equation 


0p—sin- 10/25) (1) 
where A is the wavelength of the entry beam and S is 
the wavelength of the acoustic waves within the cell. 
As the first, second and third secondary light beam (49, 
53, 55) of the illustrated embodiment originate from a 
common source and thus all have the same frequency 
and wavelength, it will be seen that the Bragg angle 
associated with each of the three acousto-optic modu- 
lating cells (31, 33, 35) will depend only upon the partic- 
ular respective modulating frequency chosen. The ef- 
fect of the acoustic waves in the deflection medium 
inside each of the cells (31, 33,35) is to set up a phase 
diffraction grating moving with the velocity of sound 
within the medium and having a grating spacing equal 
to the sound wavelength. Since the incoming beam 
enters the cell at the Bragg angle, a substantial percent- 
age of the beam is diffracted from the exit side of the 
cell in a first order diffracted beam that is deflected 
from the incident light beam by an angle —26p. This 
deflected beam is subjected to a slight frequency dis- 
placement Af as a result of a Doppler effect occasioned 
by the movement relative to the moving acoustic wave 
front; the deflected beam is also phase modulated in 
accordance with the frequency and amplitude of the 
sound wave. “Bragg diffraction” is discussed in further 
detail in an article entitled “Elasto-Optic Light Modula- 
tion and Deflection” by E. K. Sittig appearing at pages 
229 et seg. of Progree in Optics, Vol. 9, published in 
1952 by North-Holland Publishing Company-Amster- 
dam, which discussion is incorporated herein by refer- 
ence. Second acousto-optic cell (33) and third acousto- 
optic cell (35) perform similar functions with respect to 
the second secondary beam (53) and the third secondary 
beam (55). However, each of the three cells (31, 33, 35) 
is driven at a different characteristic frequency; accord- 
ingly, each cell has its own individual Bragg angle (0p, 
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68, 08") at which the incoming light beam should en- 
ter. As shown in FIG. 2, in addition to the three dif- 
fracted beams (57, 61, 65) exiting from the three respec- 
tive Bragg cells (31, 33, 35), three respective unde- 
flected beams (59, 63, 67) are also present. These three 
undeflected beams represent the portion of the respec- 
tive incoming beams (49, 53, 55) that were not dif- 
fracted (and modulated in frequency and phase) by the 
corresponding respective Bragg cells (31, 33, 35). 

Thus, it will be seen that, in response to application of 
the three secondary beams (49, 53, 55) at the three ap- 
propriate respective Bragg angles (0p, Op’, 0g”) associ- 
ated with each of the three acoustic-optic cells (31, 33, 
35) and the different characteristic modulating frequen- 
cies associated therewith, the three cells produce three 
beam pairs (58, 60, 62), each pair having a substantially 
unshifted beam (59, 63, 67) (i.e., a zero order diffraction) 
and a modulated beam (57, 61, 65) (the above-men- 
tioned deflected beams). In an exemplary embodiment, 
acoustic frequencies for the three cells were respec- 
tively 30 MHz, 55 MHz and 85 MHZ. 

The third acousto-optic cell (35) is oriented vertically 
such that its sound waves are parallel to the X—Z 
plane. This causes the plane containing the two diverg- 
ing beams (65, 67) of third beam pair (62) to be oriented 
vertically (i.e., in the X—Y plane). The other two cells 
(31, 33) are oriented so that the planes containing the 
first pair of beams (57, 59) and the second pair of beams 
(61, 63) subtend angles of — 120" and +120", respec- 
tively, with respect to the vertical (X—Y) plane. (See 
also FIG. 3.) 

It will be appreciated that the individual beams could 
be modulated in a similar fashion by means of rotating 
diffraction gratings or the like. However, it should be 
understood that acousto-optic cells are normally prefer- 
able since they are more compact and require a mini- 
mum of maintenance. 

As shown in FIGS. 2 and 3, while being directed 
generally toward the lens system (21), the shifted beams 
(57, 61, 65) of the three beam pairs (58, 60, 62) diverge 
slightly radially outward from the center (69) of the lens 
system (21), while the unshifted beams (59, 63, 67) di- 
verge slightly radially inward toward the center (69). 
Thereupon, as also shown in FIG. 2, three individual 
collimating lenses (71, 73, 75) collimate the beams of 
each diverging beam pair (58, 60, 62) to produce colli- 
mated beam pairs (78, 80, 82), and direct the collimated 
beam pairs to a transmit/receive lens (77). The colli- 
mated beam pairs (78, 80, 82) are then focused by three 
respective individual lens segments (79, 81, 83) inte- 
grally formed in the transmit/receive lens (77) at the 
three locations surrounding the respective intersections 
of said collimated beam pairs with the surface of said 
lens. These three individual segments have an effective 
focal length somewhat greater than that of the remain- 
der of the lens, and may conveniently be fabricated by 
forming the lens (77) from two plano-convex lens ele- 
ments (77a77b) mounted back-to-back, one of which is 
provided with cut-outs at the locations corresponding 
to the three segments (79, 81, 83); alternatively, the 
three segments (79, 81, 83) may be formed by localized 
surface grinding on one of the surfaces of the lens (77). 
These focused beam pairs (87, 89, 91) are accordingly 
directed onto and intersect at a common detection vol- 
ume (85) located in front of the lens (77) at a distance 
determined by the focal length of the three lens seg- 
ments (79, 81, 83). 
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When each convergent beam pair (87, 89, 91) is fo- 
cused at the detection volume (85), it forms a three-di- 
mensional optical fringe pattern in the detection volume 
as a result of interference between the respective wave- 
fronts. FIG. 4 is a side elevational view of one fringe 
pattern formed by the intersection of two beams of a 
convergent pair (e.g., beams (98, 100) of the third con- 
vergent pair (91)). Each bright or dark fringe may be 
said to occur in a fringe plane (e.g., lower fringe plane 
(103)) disposed generally perpendicular to the plane 
(e.g., plane (105)) containing the two intersecting beams 
(98, 100) and generally parallel to the bisector (e.g., 
bisector (93)) of the angle of intersection (0) of the beam 
pair, the orientation of the fringe planes within such a 
fringe pattern being defined by a so-called fringe plane 
normal vector (e.g., vector (101)) disposed perpendicu- 
lar to the fringe planes, as shown in FIGS. 4 and 5. 
Accordingly, the three beams pairs (87, 89, 91) form 
three such sets of overlapping three-dimensional fringe 
patterns, each having its own normal vector. 

At this point it may be noted that the illustrated de- 
vice will function even if the three sets of fringe patterns 
associated respectively with the three beam pairs (87, 
89, 91) do not actually overlap but are merely located in 
the same general spatial volume so that the transmit/- 
receive lens (77) may still gather light from all three sets 
of fringe patterns onto a single detector (23). However, 
when all three sets of fringe patterns overlap one an- 
other, there is a greater probability of measuring all 
three linearly independent components of the velocity 
of a single aerosol particle, since any particle having an 
effective cross section larger than the wavelength of the 
incident radiation will scatter at least some light back to 
the detector (23) from each of the three sets of fringe 
patterns. 

A typical variation in magnitude of scatter intensity 
as an aerosol particle moves relative to such layers of 
bright and dark fringe planes is shown in FIG. 6. Peaks 
(105a, 105b, 105c) correspond to maximum scatter at the 
central bright fringe regions (104a, 104b, 104c) (FIG. 4) 
and the troughs (107a, 1075) correspond to substantially 
no scatter at the corresponding dark fringe regions 
(106a, 1065) (FIG. 5). 

Although, as discussed in further detail hereinafter 
with particular reference to FIG. 9, it is a relatively 
simple matter to separate the single signal output by the 
detector (23) into three separate signals each associated 
with a particular set of fringe plane patterns, it would 
also be possible, in accordance with the teachings of the 
above discussed prior art, to utilize different colors 
and/or polarization modes to identify the data associ- 
ated with each of the three components. However, in 
that event it will be necessary to provide three separate 
detectors (23) each sensitive to one component, with the 
result that only a fraction of the backscattered radiation 
gathered by transmit/receive lens (77) will impinge on 
any one of the three detectors. 

Those skilled in the art will recognize that it would 
also be possible, in the event that the three sets of pat- 
terns of fringe planes are spatially separated from one 
another, to focus the respective three sets of backscat- 
tered radiation on three respective spatially separated 
detection areas, each provided with its own detector. 
However, such an arrangement would have a signifi- 
cant disadvantage over the preferred embodiment de- 
scribed in detail herein, namely, increased mechanical 
complexity and sensitivity to alignment errors. 
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FIG. 7 shows an alternative embodiment to that de- 
scribed above with particular reference to FIGS. 1 and 
2. In this alternative embodiment, the collimating lenses 
(71, 73, 75) are omitted and a single, unshifted reference 
beam directed along the central axis 56 replaces the 
three unshifted beams (59, 63, 67) of the three divergent 
beam pairs (58, 60, 62). Because this reference beam 
occupies the central axis of the optical system, the pho- 
todetector (23') is located to one side and a focusing 
reflector (109) provided with a central transparent 
opening (110) is utilized to direct the scattered radiation 
received through the receive/transmit lens (77') back 
onto the off axis photodetector (23’). 

The transmit/receive lens (77’) of the FIG. 7 embodi- 
ment may be substantially the same as described above 
with respect to the FIG. 1 embodiment, or alterna- 
tively, it may be constructed as shown in cross section 
in FIG. 8. It will be noted that in FIG. 8 the outer 
surface of the lens (77”) is essentially flat and its inner 
surface (i.e., the surface oriented towards the laser (13) 
and the photodetector (23)) is convex. Towards the 
periphery of the lens and spaced apart from one another 
at approximate 120° intervals corresponding to the ori- 
entation of the three respective diffracted output beams 
(57, 61, 65) of the three acousto-optic cells (31, 33, 35) 
are provided three respective recessed optical surfaces 
(125) spaced inwardly from the lens” front surface (117) 
by means of a recessed area (111). Each of the three 
recessed areas is in fluid communication with the air- 
craft's pressurized interior region (123) by means of a 
constricted vent (121). The purpose of this vent (121) is 
to provide a constant flow of air onto the optical surface 
(125) so as to ensure that this optically critical area 
remains free of ice, condensed water vapor or other 
particulate matter which could adversely affect the 
coherent nature of the radiation beams utilized to form 
the three respective patterns of fringe planes at the 
detection volume (85). It will be noted that a fourth 
recessed area (127) and fourth vent (129) are also pro- 
vided at the center of the lens. It should be understood 
that similar self-cleaning recessed optical areas could 
also be provided in the vicinity of lens segments (79, 81, 
83) in the embodiment shown in FIGS. 1 and 2. Because 
that embodiment utilizes three separate pairs of beams, 
the recessed areas might each have to be somewhat 
larger but, because there is no central beam, there 
would be no need for a fourth centrally located recessed 
area. 

The other areas of the lens (77") are not as critical as 
the areas (125, 127) through which pass the laser beams, 
since the photodetector (23") is responsive only to the 
intensity of the backscattered radiation received from 
detection volume (85), and not to any modulation in 
phase or coherency. 

At this point it should be emphasized that although a 
transmit/receive lens is shown as being the means for 
projecting the three sets of fringe plane patterns onto 
the detection volume and for focusing the backscattered 
radiation from the detection volume onto the detection 
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area, it would be a simple matter well within the level of 60 


skill of the average artisan to substitute other function- 
ally equivalent means for projecting and/or focusing, 
such as a concave reflective surface 180 of optical qual- 
ity formed on the front of a suitably shaped support 182. 
Such a third embodiment of the velocimeter is shown in 
FIG. 10. In that case the window function of the lens 
(77) could be satisfied by means of a suitable thickness 
of a transparent material 184, possibly provided with 
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self-cleaning segments analogous to the above- 
described recess (125) and air vents (121) at those por- 
tions of the window through which the coherent beams 
are projected. 

It should be borne in mind that the above-described 
embodiments have an advantageous self-aligning char- 
acteristic even if the transmit/receive lens assembly (77) 
is mounted independently of the other components, 
thereby permitting the transmit/receive lens to be rig- 
idly flush-mounted in the skin of the airplane, while 
permitting the other components contained inside the 
aircraft to be isolated from vibrations and/or to be con- 
veniently removed and replaced for maintenance with- 
out disturbing the window and its associated seal. 

Especially when the velocimeter utilizes such a flush- 
mounted window through which is transmitted the 
coherent radiation that forms all three sets of the fringe 
plane patterns, and through which also is received all of 
the backscattered radiation from the detection volume 
containing the fringe plane patterns, it will be appreci- 
ated that it is preferable (on account of strength, cost, 
weight, ease of replacement, and other similar consider- 
ations) for the window to have a maximum diameter (or 
other equivalent effective aperture dimension) that is 
relatively small. In particular, it is essential that the 
distance that separates the detection volume from the 
window and the rest of the aircraft's surface be signifi- 
cantly greater than the thickness of the boundary layer 
formed at the surface of the aircraft. For most applica- 
tions it is desirable that the distance separating the de- 
tection volume from the surface of the aircraft be at 
least 0.5 meters and preferably in excess of 1 meter. On 
the other hand, for most applications, the maximum 
practical window size is less than 0.5 meters. Thus, as a 
general rule, the effective window aperture dimension 
should be less than the distance between the window 
and the sample. 

As indicated in FIG. 7 and shown in more detail in 
FIG. 8, the attitude or position of the three bisectors 
(e.g., upper bisector (93)) and of the three planes (e.g. 
vertical plane (105)), respectively, containing the three 
beam pairs are selected such that the three correspond- 
ing fringe normal vectors (e.g., vector (101)) are dis- 
posed non-orthogonal with respect to each other and 
are linearly independent of one another (i.e., all three 
normal vectors do not lie on a common plane). Accord- 
ingly, as suggested in FIGS. 4, 5 and 6, when a small 
physical object (such as a particle of dust or similar 
aerosol) traverses the three sets of fringe patterns 
formed by the three beam pairs, a velocity component 
of the object may be measured in the direction of each 
of the three fringe normal vectors providing a set of 
three (non-orthogonal) velocity components in three 
dimensions. Thus, a velocity component produces by 
each beam pair may be measured perpendicular to the 
bisector of the angle subtended by, and in the plane 
containing, the beams of the pair (i.e., measured along 
the normal to the interference pattern fringe planes 
formed by that beam pair). 

More particularly, as the aerosol particle traverses 
the bright and dark fringes of each of the three sets of 
fringe patterns, light from the lens segments (79, 81, 83) 
forming the fringes become incident upon the entity and 
is scattered by the entity. As shown in FIG. 2, the scat- 
tered light is refocused by the whole of the transmit/- 
receive lens (77) (except for lens segments 79, 81, 83) 
onto a photodetector (23). In response to the refocused 
light, the detector (23) provides a processor (not 
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shown) with a composite output signal representing all 
three non-orthogonal components of the velocity of the 
entity through the fringes. The processor then separates 
the signal into the three linearly independent, non- 
orthogonal velocity components corresponding to the 
three normal vectors, and then transforms these individ- 
ual non-orthogonal velocity components to measure- 
ments in a desired orthogonal frame of reference, as 
described below. 

As shown in the Drawings (see in particular the right- 
hand portions of FIGS. 7 and 8), the beam pairs have 
been selected such that the normal vectors correspond- 
ing to each set of interference fringes are non-ortho- 
gonal, but are, nevertheless, linearly independent of 
each other. Consequently, to determine the velocity of 
an entity which traverses the fringe region with respect 
to a conventional orthogonal reference system, the 
non-orthogonal velocity components (Va, Va, Vo 
must be transformed to the orthogonal reference sys- 
tem. This may be accomplished by a linear transforma- 
tion process in accordance with the following descrip- 
tion. The transformation is performed by the processor 
(see FIG. 9) in response to an output signal from detec- 
tor (23), the output signal from detector (23) being rep- 
resentative of shifts in frequency of the scattered light. 
The frequency shifts, measured with reference to the 
respective Bragg cell frequencies, provide information 
about the magnitude of the non-orthogonal velocity 
components of the entity as it traverses the fringe pat- 
tern. For example, the frequency shift occasioned by 
the velocity of the entity in the direction of the normal 
to the fringes formed by beam pair (91) is measured with 
reference to the frequency of Bragg cell (35) (FIG. 2). 
Similarly, the frequency shifts occasioned by the veloci- 
ties Of the entity in the directions of the normals to the 
fringes formed by beam pairs (87, 89) (corresponding to 
optical axes Band C, FIG. 6A) are measured with refer- 
ence to the frequencies of Bragg cells (31, 33), respec- 
tively. It should be noted that by using a different fre- 
quency for each of the three cells, and orienting them in 
such a manner as to create three sets of non-coplanar 
fringes, a method is established for separating the three 
component information (e.g., using electronic filters at 
the output of photodetector (23), each filter centered at 
one of the cell frequencies). 

The magnitudes of the three non-orthogonal velocity 
components V4, Vg, Vc may be found from the mea- 
sured frequency shifts as follows: 


Va=SA AJA 2) 
Va=SB Afg 6) 
Vo=Sc Afc (4) 


The measured vectors can then be expressed in terms of 
an orthogonal set of velocity vectors, ü, V, and W by: 


Vaz SA Afa VADA U +03 v+a3 W (5) 


Va=Sp Afp vg=bi u+ ba Y--b3 W (6) 
Voz Sc Afeve=c co 04030 (7) 


where Va, Vg, and Vc are unit vectors along the A, B, 
and C non-orthogonal directions, respectively, as 
shown, for example, in FIG. 7; and a; bi, c;are coeffici- 
ents determined solely by the optical geometry of the 
system. 
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12 
In matrix form, equations (5), (6) and (7) become: 
SS e 
SAAfA VA aj 2243 => 
=> EN 
SBAfB vB = | 51 62 63 y 
sz Cj C2 C3 a 
ScAfc vc w 


Calling the matrix of transformation coefficients T, 
the transformation equation can be written as: 


(9) 


SABÍA va uum 
— IM ÚS 

SBAfB vp =T v 

ScAfc vc w 


Then, by inverting the transformation: 


(10) 
— : SA AfA va 
— | = T-!| Sp ৬৪ va 
=S Sc Afc vc 
w 


Thus, from the foregoing, it is seen that the transfor- 
mation is valid for all optical geometries for which T-! 
exists. The elements of matrices T and T—! described 
above may then be calculated for the particular optical 
geometry selected, for example, for the geometry 
shown in FIGS. 7 and 8. 

If the orthogonal coordinate system, to which the 
velocity components are transformed, corresponds to 
the x-y-z axes of, for example, an aircraft body, other 
desired velocity-related values may be calculated as 
described below: 

For example, if the velocity components are written 
as: 

u=ui; v=v and w= wk (11) 
where i, j, and k are the unit vectors in the x, y and z 
directions, respectively, then the true airspeed (V7) of 
the aircraft may be calculated as follows: 


Vres(už + y? 4 w2)ž (12) 


and the angle of attack (a) may be calculated as: 


(a)= tan—! (v/Vp (13) 


Also, the angle of sideslip (8) may be calculated as: 
(8)= tan-! (w/Vp) (14) 


Referring now specifically to FIG. 9, it will be re- 
called that this Figure is a block diagram depicting 
schematically the flow of raw data through the various 
signal processing and conditioning subsystems. The 
photodetector (23) generates a raw data output signal 
(120) which corresponds to the variation in intensity of 
the backscattered light received from sample volume 
area (85) through the transmit/receive lens (77) (FIG. 
2). It will be recalled that each of the three acousto- 
optic cells (31, 33, 35) had its particular associated 
acoustic frequency which resulted in each of the three 
different sets of fringe planes having its own distinguish- 
ing modulation frequency that will be imparted to the 
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scattered light as the fringe planes move relative to a 
“stationary” aerosol particle. Since the three modulat- 
ing frequencies are selected such that a “moving” parti- 
cle will still result in the scattered light being modulated 
at a frequency that still is contained within three fre- 
quency bands centered about the three modulation fre- 
quencies and since the three modulating frequencies are 
sufficiently separated from one another that the three 
associated frequency bands associated with the three 
sets of fringe planes do not overlap—at least for the 
range of particle velocities anticipated—it is thus possi- 
ble to separate the raw output signal (120) (depicted as 
a single burst of frequencies), by means of three separate 
conventional band pass filters (122, 124, 126); the raw 
output signal may thus be divided into a low frequency 
component (128), a mid-frequency component (130) and 
a high frequency component (132), respectively corre- 
sponding to the fringe planes associated with first nor- 
mal vector Na, second normal vector Ns, and a third 
normal vector N.. These three signal components are 
input into three respective channels (134, 136, 138) of a 
conventional frequency analyzer (140) which processes 
successive such frequency burst components to derive a 
corresponding fundamental frequency from the back- 
ground noise and to output a digital indication thereof 
to the data processor (142). This is indicated symboli- 
cally in the Figure by the provision of a first output 
(144) labeled f; from the first channel (134), a second 
output labeled f (146) from the second channel (136), 
and a third output labeled fe (148) from the third channel 
(158). 

Preferably, the frequency analyzer (140) is provided 
with an adaptive tracking capability whereby it concen- 
trates its search for the desired fundamental frequency 
component about a known or predicted value thereof. 
This is indicated diagrammatically in the Figure by the 
provision of three digital signals from the data proces- 
sor (142) to the frequency analyzer (140) labeled respec- 
tively fa (150), fə (152) and fe (154). To derive these three 
predicted freguencies, the data processor (142) has the 
benefit of accelerometer data and rate-gyro data from 
the aircrafť s guidance system. This is indicated symbol- 
ically in the Figure by the provision of a first set of 
inputs (156) respectively labeled N, (158), Ny (160), and 
N; (162) which represent digital indications of accelera- 
tion in the aircraft's X, Y and Z axes, and by the provi- 
sion of a second set of similar inputs (164) respectively 
labeled Rx (166), Ry (168) and Rz (170) corresponding to 
digital representations of the aircraft's angular velocity 
about its X, Y and Z axes, respectively. It should be 
readily apparent, that given the magnitude and orienta- 
tion of such accelerations and changes in attitude, it 
then becomes a relatively simple computation to esti- 
mate near term changes in the relative velocity between 
particles in the free airstream located at a particular 
orientation with respect to and at a particular distance 
from the aircraft's center of gravity and the resultant 
increase or decrease in the frequency with which such a 
particle will interrupt the successive fringes of each of 
the three sets of moving fringe patterns. In particular, 
such an estimation may make use of the mathmetical 
technique known as the "Kalman Filter" whereby such 
frequency changes may be predicted with reasonable 
accuracy even when the frequency analyzer is unable to 
make an accurate measurement of the actual frequency 
because of a poor signal-to-noise ratio, sudden perturba- 
tions in the signal caused by fleeting gusts of wind and 
the like and by the failure of the photodetector (23) to 
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14 
output any meaningful signal for some interval of time 
as the result of the temporary absence of any suitable 
aerosol particles within the actual sample volume. 

In any event, the data processor (142) produces three 
output signals (which may be either analog or digital, or 
both), identified in the drawings by the symbol V (172), 
a (174) and 8 (176) respectively corresponding to true 
airspeed, angle of attack and angle of side slip. As a 
result of the particular signal processing system design 
illustrated in the Drawings, the output of the data pro- 
cessor will effectively be a composite of data measured 
by the fringe velocimeter with data measured by con- 
ventional accelerometers and rate gyroscopes. How- 
ever, it should be appreciated that by so combining 
directly measured data with predicted data, not only is 
the system able to overcome the adverse effects of what 
might otherwise be a poor signal-to-noise environment 
(especially when an aircraft is flying at very high alti- 
tudes and/or a relatively low-powered laser is being 
utilized to measure velocity of particles at a relatively 
great distance) but also the cumulative integration er- 
rors inherent in an accelerometer-based system are min- 
imized. 

While the invention has been described in detail with 
respect to certain specific embodiments thereof, it is 
evident that many alternatives, modifications and varia- 
tions will be apparent to those skilled in the art in light 
of the foregoing description. Accordingly, it is intended 
to embrace all such alternatives, modifications and vari- 
ations as fall within the spirit and broad scope of the 
appended claims. 


Industrial Applicability 


Accordingly, it will be seen that a radiation fringe 
velocimeter constructed in accordance with the teach- 
ings of the present invention may be utilized in many 
different types of instrumentation systems, such as pro- 
vided for use aboard an aircraft, in which case air flight 
data measurements of variables such as airspeed, angle 
of attack and sideslip angle may be made with enhanced 
accuracy and reliability. 

I claim: 

1. Apparatus for measuring the three-dimensional 
velocity of a remotely located object, comprising: 

first means for producing simultaneously three sets of 

non-orthogonal, but linearly independent, three-di- 
mensional patterns of radiation, each of said sets 
having its own distinguishing characteristic and 
having a normal vector having a significant com- 
ponent in the direction of the main axis of the sys- 
tem as well as a transverse component at right 
angles thereto; 

second means associated with said first means for 

projecting said three sets of patterns onto a detec- 
tion volume, said detection volume being physi- 
cally separated in space from said apparatus; 

third means associated with said second means for 

focusing radiation backscattered by said object as it 
passes through said detection volume onto a detec- 
tion area contained within said apparatus; 

fourth means disposed in the vicinity of said detection 

area for measuring the intensity of said backscat- 
tered radiation; 

fifth means responsive to the output of said fourth 

means and capable of utilizing said distinguishable 
characteristic for identifying three separate compo- 
nents of said backscattered radiation associated 
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respectively with each of said three sets of radia- 
tion patterns; and 

sixth means responsive to the output of said fifth 

means for calculating the velocity of said object 
relative to said apparatus, wherein at least said first, 
second, third and fourth means are located in phys- 
ical proximity to one another, whereby they may 
all be contained within a single, relatively compact, 
housing aboard an aircraft. 

2. The velocity measuring apparatus of claim 1 
wherein said three sets of three dimensional patterns of 
radiation actually overlap one another such that radia- 
tion scattered from a single particle in said detection 
volume may contain components originating from each 
one of said three sets. 

3. The velocity measuring apparatus of claim 1 
wherein said three sets of three-dimensional patterns of 
radiation are spatially separated from one another 
within said detection volume and said distinguishing 
characteristic associated with at least one of said sets of 
patterns of radiation is spatial relationship. 

4. The velocity measuring apparatus of claims 1 or 2 
wherein said first means comprises a polarizing means 
and said distinguishing characteristics associated with at 
least one of said sets of patterns of radiation is a particu- 
lar mode of polarization and said fifth means comprises 
a polarizing filter means sensitive to said particular 
polarization mode. 

5. The velocity measuring apparatus of claims 1 or 2 
wherein said distinguishing characteristic associated 
with at least one of said sets of patterns of radiation is 
the wavelength of the radiation and wherein said fifth 
means comprises a filter means sensitive to said wave- 
length. 

6. The velocity measuring apparatus of claim 1 
wherein each of said three-dimensional patterns of radi- 
ation is a set of fringe planes each oriented generally 
perpendicularly with respect to a fringe plane normal 
vector, each of said sets of fringe planes being formed in 
the volume defined by the intersection of two distinct 
beams of radiation and having a corresponding normal 
vector generally coplanar with said two intersecting 
beams and generally perpendicular to the bisector of 
their angle of their intersection. 

7. The velocity measuring apparatus of claim 1 
wherein said beams are beams of laser radiation. 

8. The velocity measuring apparatus of claims 6 or 7 
further comprising: 

means for modulating one of said beams with respect 

to a second one of said beams such that the corre- 
sponding one of said fringe plane patterns formed 
by those two beams within said detection volume 
will have an apparent relative velocity with respect 
to said apparatus determined by the nature and 
extent of the modulation. 

9. The velocity measuring apparatus of claim 7 fur- 
ther comprising: 

means for splitting a single beam of laser light into a 

beam pair. 

10. The velocity measuring apparatus of claim 9 fur- 
ther comprising: 

an acousto-optic modulating means driven at a prede- 

termined frequency such that when the two beams 
comprised in said beam pairs intersect, the fringe 
plane patterns formed thereby will move in a direc- 
tion generally normal to the planes of said fringes 
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with a velocity related to said predetermined fre- 
quency, thereby modulating the one of said three 
separate velocity components associated with the 
corresponding one of said three fringe planes with 
a characteristic frequency related to said predeter- 
mined frequency 

whereby said particular component can be distin- 
guished from the other two components of said 
three separate components. 

11. The velocity measuring apparatus of claims 1 or 2 
wherein said distinguishing characteristic associated 
with at least one of said sets of.patterns of radiation is 
the rate which an object that is stationary relative to 
said apparatus will intersect successive bright regions 
within a corresponding one of said three-dimensional 
patterns of radiation, thereby modulating the radiation 
backscattered by an object from said corresponding 
pattern of radiation with a frequency related to said rate 
and also related to a relative velocity component of the 
object. 

12. The velocity measuring apparatus of claim 1 
wherein said second means and said third means com- 
prise: 

a transmit/receive window in an exterior surface of 
said aircraft through which is transmitted radiation 
originating with said first means contained inside 
said apparatus to said detection volume outside said 
apparatus and through which also is received back- 
scattered radiation from said detection volume, 
said window having an effective aperture dimen- 
sion significantly less than the distance separating 
said common detection volume from said lens win- 
dow. 

13. The velocity measuring apparatus of claim 12 

wherein said transmit/receive window is a lens. 

14. The velocity measuring apparatus of claim 12 
wherein said window comprises a transparent body 
having front and rear surfaces generally parallel to one 
another. 

15. The velocity measuring apparatus of claim 12 
wherein said window has a maximum transverse dimen- 
sion of 0.5 meter and wherein said distance separating 
said detection volume is in excess of 1 meter. 

16. The velocity measuring apparatus of claims 1 or 
12 wherein said apparatus is mounted aboard an aircraft 
flying through the air and wherein the apparent veloc- 
ity of said fringe planes caused by said modulation is 
significantly in excess of the velocity of said aircraft 
relative to said air whereby the relative velocity of said 
aircraft with respect to said airstream will cause an 
apparent shift in said modulation frequency from which 
said relative velocity component may be calculated. 

17. The velocity measuring apparatus of claims 1 or 
12 wherein said second means and said third means 
comprise a common optical element that is operative 
both in the path of said radiation projected by said 
second means onto said detection volume and in the 
path of the radiation from said detection volume that is 
focused by said third means. 

18. The velocity measuring apparatus of claim 17 
wherein said common optical element is a lens. 

19. The velocity measuring apparatus of claim 17 
wherein said common optical element is a concave 


mirror. 
* * * * * 


